The physicochemical processes in concrete carbonation are presented and modeled mathematically. These processes include the diffusion of CO, in the gas phase of concrete pores, its dissolution in the aqueous film of these.pores, the dissolution of solid Ca(OH) 
Reinforcing bars in concrete are protected from corrosion by a thin oxide layer that forms on their surface due to the high alkalinity, i.e., the high pH value, of the surrounding concrete. Corrosion may start w~en this protective layer is destroyed, either by chloride penetration or due to a reduction in the pH value of concrete to values below about 9. Such a reduction in alkalinity is the result of carbonation of the Ca(OH)2 in the concrete mass, i.e., of its reaction with the atmospheric CO2 that diffuses through the pores of concrete.
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In marine or coastal environments, and when deicing salts come in contact with the concrete surface, chloride penetration is the main mechanism that paves the way to initiation of reinforcement corrosion. In all other cases, and especially in CO2-rich urban environments, carbonation of concrete is the main mechanism leading to steel corrosion. Furthermore, the two mechanisms are synergetic, Le., chloride action is accelerated by carbonation.
Protection of reinforcement from carbonation-initiated corrosion can be achieved by selecting the concrete cover and the mix design so that carbonation will not reach the bar surface within the expected lifetime of the structure. To do this, a quantitative model is needed for the prediction of the evolution of carbonation depth as a function of all material and environmental parameters that affect carbonation. Empirical quantitative models of this type have been proposed in the past. [1] [2] [3] [4] [5] [6] [7] These models have been constructed by empirical or semiempirical fitting of test data or of measurements of carbonation depth of concrete structures in service. As they lack a fundamental basis, these models cannot be generalized to conditions outside the ones on the basis of which they have been derived· and, therefore, they cannot be used to conduct comprehensive parametric studies or to develop detailed quantitative design specifications. The purpose of the present work is to fill this gap by developing a comprehensive and general mathematical model of the physicochemical processes involved in concrete carbonation and by applying it, following its experimental validation, to perform parametric studies of the effect of various parameters on carbonation. More details about the physicochemical basis and the derivation of the mathematical model have been presented elsewhere. s Moreover, a companion paper 9 gives details on how to determine the material properties influencing carbonation and other durability aspects of concrete, in terms of the composition parameters of cement and concrete.
RESEARCH SIGNIFICANCE
In this paper, a general mathematical model of all physicochemical processes involved in concrete carbonation is constructed and experimentally validated. Solution of the model allows quantitative prediction of the evolution of carbonation with time. The model helps in identifying those material and environmental parameters that affect the rate of carbonation and can • be used for parametric studies of their effect on this rate. Consequently, the model can be used for the selection of concrete cover required for protection against carbonation-initiated reinforcement corrosion, as a function of the chemical composition and the type of cement, the mix proportions of concrete, and the relative humidity and CO2 concentration of the environment. In this sense, the proposed model, in conjunction with the information on materials properties given in a companion paper,9 can be used for the development of quantitative design recommendations or code provisions.
PHYSICOCHEMICAL PROCESSES
The physicochemical processes involved in concrete carbonation are:
1. The chemical reactions from which carbonat able materHtls are produced.
2. The diffusion of atmospheric CO2 in the gaseous phase of the concrete pores.
3. The dissolution of solid Ca(OH)2 in the pore water and the diffusion of dissolved Ca(OH)2 in the aqueous phase of the pores.
4. The dissolution of CO2 in the pore water and its reaction with dissolved Ca(OH)2' 364 5. The reaction of CO2 with the other solid carbonatable constituents of hardened cement paste.
6. The reduction of pore volume' due to the solid products of hydration and carbonatiOli!7
. The condensation of water vapor on the walls of concrete pores, in equilibrium to the ambient temperature and relative humidity conditions.
In the sequel, these processes are examined in detail and a mathematical model is constructed for their quantitative description.
The present and previous works 10·12 have shown (e.g., by TGA-thermogravimetric analysis and by QXDAquantitative x-ray diffraction analysis) that the CO2 which diffuses through the gaseous phase of concrete pores reacts not only with Ca(OH)2 of the hardened cement paste, but also with calcium silicate hydrate 3CaO'2Si02'3HP (denoted by CSH), and with the yet unhydrated silicates, that is, tricalcium silicate [3CaO' Si02 (ClS)] and dicalcium silicate [2CaO' Si02 (C 2 S)] of portland cement;!l Ca(OH)2 and CSH are the products of hydration of C 3 S and C2S!4 rH,C3S
whereas Ca(OH)2 is also consumed during the hydration of the other constituents of portland cement, calcium alumino ferrite [4CaO' Al203' Fe203 (C4AF)], and tricalcium aluminate [3CaO' Al203 (C3A)]. In the presence of gypsum, which is added to control "flash set," these hydration reactions are 15 • 17 rH,C4AF,S
whereas, when practically all the gypsum has been consumed, the hydration reactions of C4AF and C3A are 
The preceeding chemical reactions occur at molar rates rH.i (in moles of constituent i reacting, per unit ACI Materials Journal I July-August 1991 volume of concrete, per sec), in which i = C3S, CzS, C4AF, and C 3 A is the corresponding reacting constituent of portland cement ('H,i In aqueous solutions OH-, and therefore Ca(OHMaq), diffuses from regions with higher concentration of OH-to those with lower, with a diffusivity De,ca,(OH)2(aq), of the order of 10-13 m 2 /sec. This diffusion takes place in the aqueous phase of the pores.
The carbonation of CSH and of the yet unhydrated C3S and C2S of hardened cement paste takes place according to the reactions at rates 'j, j = CSH, C3S, and C2S (in moles of constituentj per unit volume of concrete, per sec). These rates are taken, herein, equal to . in which [j] is the molar concentration of constituent j of the kinetics of the reactions Eq. (14) through (16) , which indicate that for exposure to an atmosphere consisting 100 percent of CO2, almost complete carbonation of all these components takes place in less than 2 days. From this information, it is estimated that the values of kj in Eq. (17) The porosity E of concrete decreases with time, because the volume of the solid products of the chemical reactions of cement hydration and of carbonation exceeds that of the reacting solids in which Eois the ratio of the volume of mixing water to the total volume of fresh concrete, and fi.E,A.t), fi. Ec(t) are the changes in porosity due to hydration and carbonation, respectively. Each of these two terms can be computed by an expression of the form 9 in which the summation extends over all solid constituents i of cement paste that are subject to hydration or carbonation; fi. [i] is the reduction of the concentration of constituent i from its initial value [i]o to the current value [11 at the point in time to which the value of E refers; and fi.j7j is the total increase in volume per mole of constituent i reacting. Details and numerical results are given elsewhere. 9 As stated previously, diffusion of COz(g) takes place in the gas phase of the concrete pores, whereas the Ca(OH)2 and CO2 react while dissolved in the pore water. To compute the fraction of the pore volume occupied by water, it is assumed herein that for steady ambient relative humidity and temperature the amount of water in the pores is steady in time, regardless of the • amount of water consumed or produced by hydration and carbonation. For given relative humidity (RH), pores with diameter less than the Kelvin diameter corresponding to RH, dk will be completely filled with water, whereas the remaining pores will have a thin film of water covering their walls, the thickness w of which can also be computed for given relative humidity.9 Then if the pore-size distribution is known, one can compute the volume fraction of the pores fK' which are completely filled with water, and the volume fraction fw occupied by the film of water. 9 The sum f = fK + fw is the volume fraction of the pores corresponding to the liquid phase, and the rest, 1-f, is that of the gas phase.
Knowledge of both fw and f is necessary for the mathematical model described in the following paragraphs.
MATHEMATICAL MODEL
The maClematical model developed herein applies only to one-dimensional geometry, i.e., to an infinite slab or wall of thickness 2L, free of discrete macroscopic cracks, with both surfaces exposed to an external atmosphere with a concentration of CO~equal to [C02]o. Nevertheless, the model can also be applied to beams or columns with planar external surfaces, with the exception of the corner regions. For extension to two-or three-dimensional geometry, only the diffusion 366 terms in Eq. (20) and (22), and the boundary conditions, Eq. (27) and (28), have to be generalized.
The mathematical model is based on the following differential mass-balances of gaseous CO2, solid and dissolved Ca(OH)2, CSH, and unhydrated silicates, which account for the production, diffusion, and consumption of these substances:
Mass balance of CO2 (23) in which x is the distance from the surface of the concrete and t denotes time.
The rate term rCH in Eq. (20) and (22) refers to unit volume of the liquid phase of those pores which are partially filled with water and partially with air. So, it must be multiplied by the volume Efw of this liquid phase per unit volume of concrete, to be converted to rate per unit volume of concrete, as all other terms in Eq. (20) through (25) do. The terms E(1-f) and Ef at the left-hand side of Eq. (20) and (22), respectively, have similar justification, as the concentrations of CO2 and Ca(OHMaq) refer to unit volume of the gas-phase and of the liquid-phase of the pores, respectively.
Eq. (20) through (25), along with Eq. (7) through (9), (12), (13), and (17) through (19), form a system of partial differential equations in space and time. This system is considered to hold from the point in time at which hygrothermal equilibrium is established between the external environment and the concrete pores, which is considered to coincide with the end of the period of ACt Materials Journal I July-August 1991 moist curing. That particular point in time is taken as t = O. Prior to it, and for a time period equal to the duration of moist curing tcu' only the hydration reactions, Eq. (1) through (6) , are considered to take place, at rates given by Eq. (7) through (9) . Thus, these latter equations are considered to apply also for -tcu~t0
, so that at t = 0 the "initial" concentrations of Ca(OHMaq), Ca(OHMs), CSH, C)S, and (9) into Eq. (7) and (8) and integrating the latter from t = -tcu to t = O. Finally, the initial concentrations of C)S and CzS are obtained by integrating Eq. (9) for i = C)S and CzS and subtracting the result from the concentration of these compounds in portland cement.
The initial value of E at t = 0, EO is obtained by set- This solution can be done, in general, only numeri-:.:ally, after discretization in space and time, replacement of the derivatives in t and x by the corresponding finite differences, and step-by-step integration using, for example, the Runge-Kutta scheme. The integration time-step must be very small, of the order of 30 sec, because most of the rates r in Eq. (20) through (25) are very large, which means that the corresponding processes occur very fast. The large magnitude of these rates, in combination with some other observations, ACI Materials Journal I July-August 1991 makes possible significant simplification of the system of equations, to the point that a simple analytical, yet accurate enough, solution can be obtained. These simplifications and the associated solution are described in the following paragraphs.
1. First of all, the Ca(OHMaq)-diffusion term at the right"hand-side of Eq. (22) is negligibly small for relative humidity less than about 90 percent, so that Eq. (21) and (22) (Fig. 1) . So, if the carbonation front is at a distance Xc from the concrete surface, termed carbonation depth, the following is obtained
As in this latter region, the effective diffusivity of COz is constant and equal to its value Dce,coz that corresponds to fully carbonated concrete, so there also exists 
Fig. I-Concentration of CaC03 and Ca(OH)2 (determined by TGA) of OPC concrete specimen (83) at various depths from exposed surface, and comparison with model predictions
Taking into account Eq. (7) and (8), (23) rosity f of concrete at time t, and of the degree of saturation of the pores 1, which in turn depends on the ambient relative humidity and on the pore-size distribution. 9 The information required for the application of Eq. (36) for predictive purposes comprises: a) the chemical composition of cement; b) the composition of concrete, and more specifically the value of the water-cement ratio (wlc), and of the aggregate-cement ratio (ale); and c) the CO2-concentration and the relative humidity of the atmosphere. Details about the synthesis of this information to determine the pore-size distribu-• tion, the porosity, the degree of saturation of the pores, and ultimately the effective diffusivity of gases in concrete, are given elsewhere. imate solution leading to Eq. (36). So the latter predicts a carbonation front location which is in between the depth where the concentrations of Ca(OH)2 and CSH become zero due to complete carbonation, according to the "exact" solution.
As shown in the sequel, the predictions of Eq. (36) are in good agreement with experimental results of the present and other investigations, as well.
EXPERIMENTAL PROGRAM
An experimental program was developed to measure the evolution of carbonation depth with time for different combinations of materials and environmental conditions, and compare the test results with the predictions of the proposed model. Because in normal environments, which contain 0.03 to 0.05 percent CO2, the evolution of carbonation depth with time is extremely slow, testing was done inside a test chamber with CO 2 concentration about 50 percent. In this accelerated carbonation apparatus, one can reproduce within a few days phenomena that would take many years of normal exposure to develop. So, it was possible to complete an experimental parametric study of the effect of various parameters on carbonation within a few months.
The basis for the applicability of the accelerated carbonation testing technique is the fact that, as described in detail in connection with the simplifications of the . system of equations which led finally to Eq. (36), the main rate-controlling process in the phenomenon is the diffusion of COz(g). So, as demonstrated elsewhere 8 by comparison with normal exposure test results of previous investigators (see also Fig. 9 in the paper), the results of accelerated carbonation tests can be converted into normaL exposure ones, despite some earlier reser: . vations of some investigators.l.2o.21
Materials and specimens
Eight different concrete mixes were prepared. An ordinary portland cement of normal fineness (similar to Type I cement) was used, with chemical composition and properties, as shown in Table 1 . Three different gradations of aggregates were used. As shown in Table  1 , Aggregate A was a graded sand, whereas Aggregates Band C were mixtures of sand and gravel, with B being of normal gradation and C a mixture rich in fines and poor in coarse material. As shown in Table 2 , the eight mixes differ in their water-cement and aggregatecement ratios, and in the aggregate used.
The specimens were cast inside 100 x 100 x 300 mm plexiglass molds. The molds were stripped after 24 hr, and then the specimens were placed under water at 30 C for 90 days, to insure complete hydration prior to exposure to carbonation. Special precautions were taken to avoid diffusion of the Ca(OH)2 produced during hydration through the pores to the surface of the specimens by adding enough Ca(OH)2 to the curing wa-. ter to achieve a saturated solution.
After the end of the curing period, the specimens were oven-dried. After drying, their surface was covAel Materials Journal I July-August 1991 ered with a gas-tight paint, with the exception of two opposite lateral faces, of dimensions 100 x 300 mm. From then on and until they were placed inside the accelerated carbonation chamber, the specimens were kept in a CO2-free environment.
Test procedure and apparatus
The test setup comprises a stainless steel chamber, a system for measurement and control of relative humidity and temperature inside the chamber, and a system for the continuous flow of a 50 percent CO2-50 percent air mixture through the chamber (Fig. 3) . Specimens were placed in the chamber after stabilization of the chamber relative humidity and temperature at the desired level.
The test was interrupted six times, after the specimens had been exposed to the CO2-rich atmosphere of the chamber for 1, 3, 5, 10, 15, and 20 days, respectively. At each interruption of the experiment, two 20 mmthick slices were cut normal to the long dimension of the specimen (which was initially 300 mm long), one from each end of the specimen. The shortened specimen was put back into the chamber and its exposure to Specimen S6, t = 5 days, 50 percent CO" 65 percent RH the CO2-environment was continued. The fresh-cut surface of each slice was cleaned and sprayed with a phenolphthalein pH-indicator, according to the RILEM specifications.
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The average carbonation depth was measured normal to both sides of each slice exposed to CO 2 , immediately after spraying, and after 24 hr. The average of all 8 measurements was taken as the carbonation depth at the time of the interruption of the test. As shown in Fig. 1 , the measured carbonation depth 370 was in agreement with the profiles of concentration of CaC03 and Ca(OH)2 determined by thermogravimetric analysis (TGA) (at 10 C/min in a stream of nitrogen gas).
Test results and comparison with model predictions
The concentrations of Ca(OH)2 and CaC03 determined by TGA are compared in Fig. 1 with those predicted by the model. As the model predictions for the concentration of CaC03 in the carbonated area were computed considering that all the CSH produced by hydration reacts with CO2, Fig. 1 presents further evidence that not only Ca(OH)2, but also the CSH, get carbonated.
Carbonation depths are presented in Table 3 , first for different times of exposure, and then for different relative humidities and temperatures. In Fig. 4 through 8 these results are compared with the predictions of Eg. (36). Fig. 4(a) and (b) refer to the evolution of carbonation depth with time for all concrete mixes tested. For the four mixes in Fig. 4(a) , which contain no coarse aggregates, Eg. (36) has been applied with the value of effective diffusivity of CO2 measured independently in a Wicke-Kallenbach apparatus,9 whereas for the four other mixes in Fig. 4 (b) , the value of De• co2 used in Eg. (36) was the one computed for the pore-size distribution of the particular material and the relative humidity and temperature of the test. 9 As described in detail ACI Materials Journal/July-August 1991 elsewhere,9 the presence of agr;regates does not affect appreciably the value of effective diffusivity; in other words, the presence of the interfaces between cement paste and aggregates seems to counterbalance the lack of porosity of the aggregate particles. So, as for the same type of cement, the pore-size distribution depends primarily on the wlc, and all four mixes in Fig. 4(b) ACI Materials Journal I July-August 1991 have essentially the same effective diffusivity as Mix S3 in Fig. 4(a) , i.e., about 2.2 . 10-8 m 2 /sec. For the same reason, Mixes Sl an~S2 in Fig. 4(a) have the same value of De• co2 • Fig. 4(a) and 5 show the effect of w/c on carbonation. The significant increase in carbonation depth due to an increase in the w/c is because the latter causes a significant increase of effective diffusivity. Finally, as shown in Fig. 4(b) and 6 , the carbonation depth increases with the aggregate-cement ratio, because the 372 larger this ratio is, the lower is the concentration of carbonatable CaO in the concrete mix. For the same aggregate-cement ratio, differences in -aggregate grading have no effect on carbonation, as shown by comparison of the test results for Mixes S6 and S7 in Fig.  4 (b) and (6) . Fig. 7 shows the effect of temperature on carbonation depth, for a relative humidity of 65 percent. The increase in carbonation depth due to increasing temperature is small because, for this value of relative humidity at least, the rate of the process is governed by CO 2 -diffusion, which is very weakly sensitive to temperature.
The agreement between test results and the predictions of Eq. (36) is good, for all cases presented in Fig.  4 through 7 . It is worth mentioning that, as shown in Fig. 5 ., Eq. (36) gives good predictions for the experimental results of others 23 as well. It is also worth comparing Fig. 2 and 3 and observing that the deviation of the predictions of the approximate Eq. (36) from the experimental points is similar to their deviation from the predictions of the complex "exact" model in Fig. 2 . Therefore, the agreement of the "exact" model with test results is even better. Fig. 8 shows the experimentally measured effect of relative humidity on carbonation depth. The test results show that carbonation depth is maximum at relative humidities around 50 percent. Eq. (36) is in good agreement with the data for relative humidity values over 50 percent, but fails for lower relative humidities . Relative humidity enters Eq. (36) only through effective diffusivity, which increases as relative humidity decreases, because the degree of saturation of the pores f decreases. Consequently, Eq. (36) predicts that carbono ation depth will keep increasing, as relative humidity decreases below 50 percent. However, for such low values of relative humidity, because of the reduction of the amount of water in the pores, the chemical reactions become the rate-controlling processes, rather than the diffusion of CO2, as presupposed by Eq. (36). So, a minor modification of the proposed model, at least in the part in which Eq. (36) was derived by appropriate modification of the general model, is necessary to extend the validity of the proposed model to the (not very common in practice) range of relative humidity below 50 percent. An empirical modification of this type is presented in another publication. 24 Finally, Fig. 9 combines some of the test results of this investigation with those of others,20.25conducted under various exposures to CO2, ranging from natural concentrations to about 50 percent CO:. As shown in this figure, all test results agree with each other and with the predictions of Eq. (36), if plotted as a function of the product '-"t[C0 2 lo. This agreement verifies the validity of the accelerated carbonation testing as a meaningful and practical testing technique of concrete carbonation.
Further comparison of the model predictions with the experimental results of other investigators 2o . 23 ,25 has been presented elsewhere. 8 ACI Materials Journal / July-August 1991
